Infrequent "deviant" auditory stimuli embedded in a homogeneous sequence of "standard" sounds evoke a neuromagnetic mismatch field (MMF), which is assumed to reflect automatic change detection in the brain. We investigated whether MMFs would reveal hemispheric differences in cortical auditory processing. Seven healthy adults were studied with a whole-scalp neuromagnetometer. The sound sequence, delivered to one ear at time, contained three infrequent deviants (differing from standards in duration, frequency, or interstimulus interval) intermixed with standard tones. MMFs peaked 9-34 msec earlier in the right than in the left hemisphere, irrespective of the stimulated ear. Whereas deviants activated only one MMF source in the left hemisphere, two temporally overlapping but spatially separate sources, one in the temporal lobe and another in the inferior parietal cortex, were necessary to explain the right-hemisphere MMFs. We suggest that the bilateral MMF components originating in the supratemporal cortex are feature specific whereas the right-hemisphere parietal component reflects more global auditory change detection. The results imply hemispheric differences in sound processing and suggest stronger involvement of the right than the left hemisphere in change detection.
The mismatch response (MMR), elicited by infrequent "deviant" sounds in a homogeneous sequence of frequent "standard" stimuli, probably reflects automatic comparison between the neural trace coding the physical features of the standard stimulus and the input caused by the deviant stimulus (Naatanen et al., 1978) . In electroencephalographic (EEG) recordings, the response is called mismatch negativity (MMN), and in magnetoencephalographic (MEG) recordings, mismatch field (MMF). The magnitude of the difference between standards and deviants affects the size and latency of MMR, which typically peaks 100-300 msec from stimulus onset.
Changes in sound frequency, intensity, duration, and spatial location generate MMRs (for reviews, see Hari, 1990; Sams, 1991; Naatanen, 1992) . More complex stimulus changes, such as temporal and phonetic variations (Ford and Hillyard, 1981; Hari et al., 1989; Sams et al., 1990; Aulanko et al., 1993; Kraus et al., 1993; Shanna et al., 1993) , also elicit MMRs, as do changes in the direction of frequency glides Pardo and Sams, 1993) and in the order of pitches in tone pairs (Saarinen et al., 1992) . MMR seems to be specific to auditory modality. However, attended visual deviants, differing from standards in size, elicit a response that may be analogous to MMRs (Alho et al., 1992; Woods et al., 1992) . Somatosensory stimuli with random deviation in location did not produce MMFs (Huttunen et al., 1987; Hari et al., 1990) .
MMF is generated in the supratemporal auditory cortex slightly anterior to the source of the magnetic 100 msec response (M100) elicited by sound onsets (Hari et al., 1984 (Hari et al., , 1992 Sams et al., 1985 Csepe et al., 1992) . In the present study we wanted to find out whether changes in spectral (frequency) and temporal (duration, interstimulus interval) features of auditory stimuli activate separate cortical areas and whether the distributions of the various MMFs would imply hemispheric differences in cortical auditory processing.
The observation that MMN is larger in amplitude in the right than left hemisphere, irrespective of the ear of stimulation (Scherg et al., 1989; Giard et al., 1990 Giard et al., ,1991 Giard et al., ,1995 Paavilainen et al., 1991) , suggests such differences. To examine this, we applied a helmet-shaped 122-channel neuromagnetometer to record signals simultaneously from both hemispheres.
A preliminary report of the present study has been presented in abstract form (Levanen et al., 1993b) .
Materials and Methods
Seven healthy right-handed adults (27-37 years, 5 females), without history of hearing deficits, were studied. During the recordings, the subject sat in a magnetically shielded room with the head supported against the helmet-shaped magnetometer. Special care was taken to ensure that the head was in the middle of the helmet, and the subject was instructed not to move. Three coils were attached to the scalp and their positions were measured with a 3-D digitizer (Isotrak 3S1OO2, Polhemus Navigation Sciences, Colchester, VT). The head position with respect to the sensor array was determined by feeding current to the coils when the subject was seated under the magnetometer. This information was also used to align the MEG data with the coordinates of the magnetic resonance images (MRIs). The head coordinate system was specified by the sites of the two periauricular points and the nasion. The positive x-axis of the coordinate system points toward the right preauricular point, y-axis toward nasion, and z-axis toward vertex.
The subjects were presented with two identical sound sequences. For four subjects, the stimuli were first delivered to the left and then to the right ear, and vice versa for three subjects. Standard tones, 1 kHz in frequency and 100 msec in duration (including 20 msec rise and decay times), were presented with an interstimulus interval (ISI) of 0.6 sec, and with a probability of 0.85. "Frequency deviants" of 1.1 kHz, "duration deviants" of 50 msec, and "ISI deviants" that followed the preceding standard by 0.4 sec whereas standards were separated by 0.6 sec. The probability of each deviant was 0.05. The stimuli were delivered to the subject through plastic tubes and earpieces. The sound intensity (around 75 dB SPL) was adjusted to be comfortable for each subject. The subjects were instructed to read a self-chosen text during the stimulation to avoid attention to the tones.
Neuromagnetic signals were recorded with Neuromag-122 system (Ahonen et al., 1993), which has 122 planar first-order SQUID (superconducting quantum interference device) gradiometers covering the whole scalp. Each sensor unit contains a pair of gradiometers that measure the two orthogonal tangential derivatives of the magnetic field component normal to the helmet surface at the sensor location. Such sensors pick up the largest signal just above a local source, where the field gradient has its maximum. The two independent derivatives measured at each site also give an estimate of the direction of the source current.
The signals were analogically bandpass filtered (0.03-100 Hz), digitized at 0.4 kHz, and averaged on line. The 450 msec analysis period included a 50 msec prestimulus baseline. A minimum of 50 responses was averaged for each deviant. Vertical electro-oculogram was used to reject data contaminated by eye movements or blinks.
MMF was examined from difference waveforms obtained by subtracting responses to standards from those to deviants. To identify neural sources of the evoked responses, an equivalent current dipole (ECD), best describing the measured field pattern at a given latency, was found by a least-squares search. After digital low-pass filtering at In the left hemisphere, one ECD usually described the measured field pattern adequately. Since one ECD was insufficient in explaining the measured field patterns in the right hemisphere, MMFs •were divided into two time periods, during each of which a separate ECD was found. Then the analysis period was extended to the entire MMF duration and the two dipoles were used to describe the data in the right hemisphere. The goodness of fit (g; Kaukoranta et al., 1986) of the model was also calculated. ECDs explaining more than 70% of the field variance in each hemisphere during the MMF peak were accepted for further analysis. Finally, all three dipoles were allowed to be active during the entire time period to explain all the 122 signals.
For each deviant, the modeling thus resulted in three source curves representing dipole moments as a function of time. Differences in peak latencies and strengths of these curves, as well as in source locations and orientations, were examined with repeated-measures analyses of variance (ANOVA). We tested the effect of the stimulated ear on peak latencies and strengths of the three source curves, as well as the effect of stimulus type on source locations and orientations within each hemisphere, contra-and ipsilateral responses pooled. Post hoc comparisons were carried out using Fisher's protected least significant differences -with a significance level of p < 0.05.
MRIs from five subjects were acquired at the Department of Radiology of the Helsinki University Central Hospital using a 1 T Siemens Magnetom instrument with MPR3D sequences. All subjects were classified as normal by an experienced neuroradiologist. A set of 128 coronal slices (1.3 mm thickness) was used to create a 3-D reconstruction of the brain's surface (Tissari et al., 1993 ).
Results
Figure 1 shows responses of subject 7 to standards and duration deviants. Due to the short ISI, the standards elicited only small M100 deflections. In addition to M100, responses to deviants contained clear MMFs in each hemisphere. The peak amplitudes of Ml00 and MMF were largest on channels over the temporal lobes, suggesting that the underlying neuronal generators are located in these areas. Deflections over the parietal midline (indicating strong gradients) can also be explained by bilateral temporal-lobe activity. In this subject, MMF was larger in amplitude and more widely distributed in the right than left hemisphere, irrespective of the ear of stimulation.
Standard stimuli elicited bilateral M100 responses in all subjects. In the following, M100 always refers to responses to the standard stimuli. In five subjects (2, 3, 5,6, and 7), MMFs were more prominent (larger and/or more widely distributed) in the right than left hemisphere irrespective of the ear In some cases, the right-hemisphere MMFs had two distinct components peaking at different latencies on separate channels. Figure 2 shows difference waveforms for all deviants in the seven subjects. MMF waveforms and amplitudes to the three different deviants varied widely over subjects and hemispheres. For example, in contrast to other subjects, the righthemisphere MMFs of subject 3 to duration and ISI deviants were composed of a late deflection (at 230-250 msec) preceded by a deflection of opposite polarity (at 135-175 msec). MMFs of subjects 1 and 7 to frequency and ISI deviants were followed by a deflection of opposite polarity (at about 250 msec). The amplitudes of the grand-average difference waveforms, shown at the bottom of Figure 2 , are small compared with individual signals because of the considerable interindividual latency variability.
Figures 3 and 4 illustrate the results of 2-and 3-dipole models in explaining MMFs of subject 7 to left-ear duration deviants. The 2-dipole model contains one source in each hemisphere. In the 3-dipole model, a second right-hemisphere source is added medial and superior to the first source (see Fig. 4 ), and the measured and predicted waveforms coincide better over the right temporal lobe. Figure 4 shows field patterns at peak latencies of the different MMF sources, and dipole moments and goodness of fit as a function of time for the 2-and 3-dipole models. The 2-dipole model explained 82-87% of the measured field variance at 200-250 msec. The second right-hemisphere source improved the explanation considerably at 220-270 msec.
In subjects 1 and 2, even the 3-dipole model was not satisfactory and a fourth source (peaking around 220 msec; situated anterior, medial, and superior to the second right-hemisphere source) improved the explanation of MMFs to left-ear frequency deviants. In other subjects, additional dipoles could not be identified even if the 3<lipole model sometimes left responses in the head midline and left temporal areas unexplained (see, e.g., Fig. 3 ). These signals showed, however, wide interindividual variability and are not discussed in detail. Figure 5 shows sources activated by contralateral standards and frequency deviants in subject 1. The source is more anterior for the early MMF than for M100; both are within the sylvian fissure. The second right-hemisphere MMF source is in the inferior parietal cortex. In the following, we refer to the two right-hemisphere MMF sources as MMF1 and MMF2, respectively; MMF1 peaks before MMF2. In the left hemisphere, only MMFl was identified. Figure 6 shows mean (±SEM, standard error of the mean; responses to ipsi-and contralateral stimuli pooled) locations and orientations of the three ECDs across subjects. In general, the Ml00 locations agreed with activation of the supratemporal auditory cortex (cf. Hari, 1990) and were the same within 95% confidence limits in each hemisphere in all subjects, indicating good reliability of the recordings.
In the right hemisphere, the ECD locations for M100 and various MMF Is did not differ statistically significantly in depth (x-coordinate), but were different in the anteroposterior direction (y-coordinate; F 3 " = l4A,p < 0.0001, responses to ipsi-and contralateral stimuli pooled); sources for all but the ISI MMFl were statistically significantly anterior (0.7-1.5 cm) to the source of M100. The MMFl source was significantly more anterior to frequency deviants than to duration and ISI deviants (mean differences of 0.8 cm and 1.1 cm, respectively). The ECD locations differed also in the z-coordinate (F i27 = 4.8, p < 0.01, ipsi-and contralateral responses pooled). Post hoc comparisons revealed that source for ISI MMFl was significantly superior to source of Ml00, and to sources of duration and frequency MMF Is (mean differences of 0.7,1.0, and 1.1 cm, respectively).
In the left hemisphere, the ECD locations for Ml00 and various MMF Is were different in the anteroposterior direction (y-coordinate; F i}o -8.6,p < 0.001, responses to ipsi-and contralateral stimuli pooled). Sources for all MMFls were sta-O M100 • MMF1 A MMF2 Figure 5 . ECD locations and orientations for M100 to contralateral standards, and for MMF1 and MMF2 to corresponding frequency deviants in subject 1 superimposed on his MR!. Above, ECD locations and orientations for Ml00, temporal and parietal MMFs shown in horizontal, coronal, and sagittal slices. Below, All ECD locations projected onto 3-D surface of the brain viewed from left and right tistically significantly anterior (0.5-0.9 cm) to the source of M1OO. The MMF1 source was significantly more anterior (0.5 cm) to duration than to ISI deviants. The ECD locations did not differ in the x-or z-coordinate.
In contrast to MMFls, stimulus type had no main effect on the MMF2 source locations or orientations. However, post hoc comparisons revealed that the MMF2 source was significantly (0.6 cm) more inferior to ISI than frequency deviants. The right-hemisphere MMF1 and MMF2 differed to duration and frequency deviants: both MMF2 sources were superior to and deeper than the corresponding MMF1 sources (p < 0.05 paired, two-tailed t tests; mean differences of 0.9 cm and 1.1 cm in the superior-inferior direction and 0.6 cm in the direction of depth). Table 1 summarizes the mean (±SEM) locations and orientations, and also gives peak latencies and strengths for all ECDs. M100 peaked statistically significantly (12-13 msec) earlier to contra-than to ipsilateral stimulation in both hemispheres (F, 5 = 24.4,p < 0.01),and contralateral Ml00 peaked 8 msec earlier in the right than left hemisphere (NS). Duration, frequency, and ISI MMFls peaked on average 9-34 msec earlier in the right than left hemisphere, regardless of the stimulated ear, but the difference was statistically significant only for frequency (F,, = 14.5,p < 0.05) and ISI CF lf3 = 27.7, p < 0.05) deviants. The ECD peak latencies of the right-hemisphere MMF2s were not affected by the ear of presentation. The source strengths for the three ECDs did not differ significantly between contra-and ipsilateral stimulation and the MMF1 sources did not show hemispheric preponderance..
Discussion
Ml00 to standards peaked earlier in the hemisphere contralateral than ipsilateral to the stimulated ear, in agreement with previous MEG studies (Reite et al., 1981; Pantev et al., 1986; Hari and Makela, 1988; Makela", 1988; Tiihonen et al., 1989; Makela et al., 1993) . For both ipsi-and contralateral tones, M100 tended to peak earlier in the right than left hemisphere, in line with recent studies from our laboratory (Makela et al., 1993; Paetau et al., 1995) . Such a latency difference may reflect right-hemisphere preponderance in the processing of simple auditory stimuli. This interpretation is also sup- ported by the earlier MMFs in the right than left hemisphere, irrespective of the ear of stimulation. The sources of MMFl's were anterior to the Ml00 sources at the supratemporal auditory cortex, in accordance with previous MEG findings Csepe et al., 1992; Hari et al., 1992; Levanen et al., 1993a) . The observed differences in the source locations for temporal-lobe MMF to various deviants suggest that the responses are stimulus specific. This is in concordance with recent EEG and MEG studies (Winkler et al., 1992; Levanen et al., 1993a; Schroger, 1995) proposing that standards leave multiple neuronal representations in the human auditory cortex, and that the particular neuronal traces of the representations react independently to changes in different features of the sounds. In addition to the temporallobe sources, temporally overlapping but spatially distinct sources in the right inferoparietal lobe were necessary for adequate modeling of the measured signals. Unlike the feature-specific temporal-lobe MMFs, parietal sources to various deviants did not differ significantly in location and might reflect activity of more global and nonspecific "change detectors," that is, of neuronal networks that register any changes in the ongoing stimulation (see Naatanen, 1990; .
These parietal-lobe sources, identified in the present study for the first time, might reflect activation of "polys u ensory cortex." In anesthetized cats (Irvine and Phillips, 1982) , sounds activate areas also outside the supratemporal auditory region, in polysensory parietal and frontal cortical areas that receive convergent acoustic, visual, and somatic input; the acoustic input may be conveyed via auditory association areas on the supratemporal plane (Pandya et al., 1969) . These polysensory systems are thought to be less affected by the physical attributes of the stimuli than with their significance, that is, factors relating to the attentional state of the organism. Interestingly, some K-complexes during light sleep, probably reflecting microarousals, also originate in the inferior parietal lobe (ref. Lu et al., 1992) . Giard et al. (1990) concluded that MMN receives contribution from two sets of neural generators: (1) a temporal-lobe generator that is more strongly activated contralateral to the stimulated ear, and (2) a frontal-lobe generator, activated predominantly in the right hemisphere. The supratemporal MMF1 source may be the magnetic counterpart of the sensory-specific temporal-lobe MMN generator.. The parietal sources certainly also contribute to the right-hemisphere dominance of electric MMN (Giard et al., 1990 , 1991 , 1995 . In general, the MMF waveforms to the three different deviants showed wide interindividual and interhemispheric variability. Therefore, responses averaged over the subjects may be misleading, and one should be cautious in using grand-average data for source identification. The MMF response is thought to reflect automatic change detection, since it is elicited even when the stimuli are ignored (Sams et al., 1985) . Therefore, its generation might be involved in the genesis of the orienting reflex (Sokolov, 1975) . Interestingly, patients with unilateral neglect are suggested to suffer from an impairment in the automatic switch of attention to a stimulus (Posner et al., 1984) , and unilateral neglect syndrome is known to be more frequent and severe in patients with right than left parietal lesions (Watson et al., 1977; Damasio et al., 1980; Heilman et al., 1993) . A defect in the area where the present right-hemisphere parietal MMF is generated, might also produce the neglect syndrome. This source was suggested to reflect pure change detection, and it might be more closely related to orienting reflex and attention than the temporal-lobe signals.
The two hemispheres are known to have different roles in auditory information processing. For example, •whereas left perisylvian areas are crucial for speech processing, right temporal lobe is more extensively involved in the discrimination of tonal pitch or melody (Zatorre, 1985; Zatorre et al., 1992) . In a study of Roland et al. (1981) , complex nonverbal auditory stimuli triggered more intense cerebral blood flow in the right than left auditory areas. Moreover, right-sided inferior and midparietal regions were activated when subjects were discriminating the sound stimuli. The predominant role of the right hemisphere in sound processing and short-term memory finds support also from clinical data. In a memory task with interfering material (Zatorre and Samson, 1991) , patients with lesions in the right temporal or frontal lobe showed significant deficits in remembering tonal pitch, while patients with corresponding lesions in the left hemisphere did not. In addition, patients with right-hemisphere lesions perform poorly in melodic discrimination (Zatorre, 1985) .
According to Aulanko et al. (1993) , attention enhances the MMF response in the left hemisphere to phonetic but not to tonal stimuli. The present results suggest that MMFs might be enhanced to tonal stimuli in the right hemisphere. The righthemisphere superiority in tonal discrimination is probably also reflected in the shorter Ml00 and MMF latencies in the right than left hemisphere for both ipsilateral and contralateral stimuli. Altogether, the present results suggest stronger involvement of the right than the left hemisphere in the memory-based processing of simple tones.
